Two self-complementary sequence-lsomeric decadeoxyrlbonucleotldes were exposed to UV light under conditions in which they assume duplex structures. After that they were analyzed in the denatured state by reversed-phase high-performance liquid chromatography (HPLC). Characterization of the separated photoproducts allowed localization of cyclobutane pyrlmidlne dimers In the sequences of the modified oligonucleotldes. For [d(GGAAATTTCC)] 2 , which Is known to contain In its central part a stretch of rigid B'-conformatlon with decreased mobility of constituent bases, lower yields of thymlne dimers, as compared with that for ordinary B-form [d(CCTTTAAAGG)] 2 , were found. On the contrary, mixed thymlne-cytosine heterodlmers generated In the former oligonucleotide demonstrate the Increase In photoreactlvity of these residues at the B'-B junction. This is probably due to the peculiar conformation adopted by this decanucleotide. Stimulation of B'-B transition, by increasing the temperature before melting, reduced an inhibition of thymlne photodimer formation. During the melting of both oligonucleotldes yields of all Identified photoinduced cyclobutadlpyrlmidlnes were reduced. Possible Influences of some metal cations on the stability of the B'-form were also studied by this photoproblng technique. The present study demonstrates the feasibility of HPLC photofingerprinting as a new approach for structural analysis of nucleic acids.
INTRODUCTION
Elucidation of DNA and RNA structure-photoproduct formation relationships is a fundamental problem in the areas of photochemistry and photobiology of nucleic acids. Over the past decade powerful DNA photofootprinting techniques have been developed (for reviews, see Refs. [1] [2] [3] , providing information about photolesions in DNA at the sequence level. These sensitive techniques are based on the combined use of specific enzymes and/or chemical reagents, which cleave DNA at sites of defined photoproduct formation, and the DNA sequencing methodology. Chemical photofootprinting analysis traditionally uses postirradiation DNA treatment by piperidine (4, 5) or sodium borohydride/acidic aniline (6, 7) . These approaches are generally supposed to be photoproduct-specific. Nevertheless, modifying reagents have comparable sensitivity to several different classes of either purine or pyrimidine photoproducts. Piperidine treatment is known to result in DNA cleavage at the sites of pyrimidine pyrimidone photoadducts and of their Dewar valence isomers, as well as at photooxidized purines, abasic sites and some less characterized new types of photoproducts, that may give rise to overlapping electrophoretic bands (1) . The sodium borohydride method recognizes many more types of UV lesions-both mono-and multimeric 5-6 double bond saturated photomodified pyrimidines as well as phodamaged purines (6) .
Enzymatic photofootprinting techniques seem to be more specific. The Micrococcus luteus and T4 bacteriophage UVendonucleases were used to detect mainly cyclobutadipyrimidines (1, 8, 9) . However, apurinic/apyrimidinic endonuclease activities of these enzymes result in cleavage of any abasic site, that can in principle be formed directly or indirectly as a result of DNA photodamage. Also, one cannot exclude the possibility that UVendonucleases can recognize recently discovered mixed purinepyrimidine cyclobutadiadducts or some other purine photoproducts (1, 9, 10) . The use of either crude extracts from bacterial cells as a source of UV-endonuclease activity (11, 12) or UV non-specific endo-or exonucleases and polymerases (1) obviously do not strengthen specificity of enzymatic photofootprinting approaches.
Thus, the interpretation of both chemical and enzymatic photofootprinting experiments is not straightforward. Identification of the photoproduct type and correspondence of its yield to definite DNA structure is not always obvious. Substantial improvement in photofootprinting techniques is needed to gain further insights into structural details of nucleic acids.
One can take advantage of the resolving power of modern chromatographic techniques to overcome some of these difficulties. Significant progress in this direction can be made using oligonucleotide models. On the one hand, their structures can be studied in detail (for recent reviews and the list of literature, see, e.g. Refs. 13 -15) and results can be extrapolated to more complicated polymeric molecules. On the other hand, high-performance liquid chromatographic (HPLC) analysis of photomodified oligonucleotides showed the ability to directly resolve oligomers not only according to photoproduct types and their isomers but also their sequence positions can be identified (16) (17) (18) (19) (20) (21) . This has established a basis for the development of a novel sequence selective, highly specific approach to detection of nucleic acid photoproducts.
In the present work we report the development of a new technique termed HPLC photofingerprinting in which an oligonucleotide duplex (or some other, more complicated structure) under study is UV-irradiated and analyzed by HPLC in the denatured state in order to identify photomodified oligomers according to the photoproduct type and its sequence position. Thus, oligonucleotide in a defined conformation acquires its own peculiar UV-irradiation determined chromatogram (photofingerprint) which reflects structural details at the base pair level. To demonstrate the feasibility of this approach we have compared HPLC photofingerprints of two isomeric sequences which are self-complementary decanucleotides known to assume B-and B'-forms. We studied their structural features and thermal transitions as well as the susceptibility of the B'-conformation to the influence of some mono-and divalent metal cations. We have shown that the photofingerprinting approach is valid for small DNA molecules, therefore it complements the chemical and enzymatic photofootprinting methods.
MATERIALS AND METHODS Materials
Oligonucleotides d(CCTTTAAAGG) and d(GGAAATTTCC) were synthesized by a modified phosphoramidite approach. They were purified by electrophoresis and RP-HPLC, desalted and sequenced. Snake venom phosphodiesterase I (PDE I) was from Pharmacia (Piscataway, NJ).
Melting curves
The melting curves for oligonucleotide duplexes (strand concentrations 5 /tM) were obtained from changes in absorbance at 260 nm, using continuous heating from 0°C at 0.4°C/min in a circulating water thermostatted cell holder inserted in a Specord M40 spectrophotometer (Carl Zeiss, Germany).
UV-irradiation
Oligonucleotides (25 /iM) were irradiated at 302 nm in 1 xSSC (150 mM sodium chloride, 15 mM sodium citrate, pH 7.) or 0.1X SSC buffer solutions either in the presence or absence of 10 mM acetophenone as a photosensitizer in a thermostatted 1 mm quartz cuvettes by a TM-36 UV-transilluminator (UVP Inc., San Gabriel, CA; peak intensity 70 J/rr^/s at the surface) at a 2 cm distance for various periods of time. Irradiation wavelengths were chosen to exclude photoreversion of cyclobutadipyrimidines. A 1 mm 40% acetone liquid filter was used to cut off light below 300 nm (4% transmission at 300 nm) in photosensitized reactions.
HPLC identification and sequence localization of pbotodimers
After UV-irradiation, the oligonucleotides were separated by chromatography on a Jasco LC-800 instrument using an 875-UV detector and an 860-CO column oven. Analysis of photomodified samples was accomplished on a Merck Lichrosorb RP-18 (250x4 mm) column at 60°C with a 0-30% B gradient (A, 0.1 M ammonium acetate, pH 6.8; B, 50% methanol in water). The detector signal at 254 nm was fed to a microcomputer to calculate peak areas. Peaks of interest were collected in Eppendorf testtubes and dried in methanol several times in a Speed Vac evaporator to eliminate residual ammonium acetate. The dried material was reconstituted in a 40 ^1 enzyme reaction buffer (100 mM Tris-HCl, pH 8.9, 100 mM NaCl, 14 mM MgCy. Ten /il of PDE I (0.1 units in the same buffer) were added and the resulting mixture was vortexed and incubated at 37°C for 30 min, after which time it was placed in boiling water for 5 min to inactivate the enzyme. Samples were spun in an Eppendorf microcentrifuge for 10 min and 10 to 40 y.\ aliquots were separated on a Du Pont PEP-RP1 (6x80 mm) column at room temperature with a 20 min 0-20% B linear gradient (A, 50 mM potassium phosphate, pH 4.9, 5 mM tetrabutylammonium dihydrogen sulfate; B, 50% methanol in water). The presence of particular nucleoside-5'-monophosphates cleaved by PDE I from the 3'-end of the oligonucleotides until the enzyme stopped at a photodimer position (16, 22) was used to locate photodimers in the sequences. Cyclobutane types of thymine photodimers were confirmed by acetophenone photosensitization, which promotes the formation of pyrimidine dimers exclusively (22, 23) .
RESULTS
To verify the feasibility of HPLC for photoprobing nucleic acid secondary structure we used two self-complementary decadeoxyribonucleotides schematically shown in Fig. 1 , which are known to assume normal B-and rigid B'-forms (24) . The choice of these oligomers was due to the relatively well-known structural and photochemical features of AT-rich stretches in DNA. Photosteady rates of photoproduct formation are supposed to be different. First, for the duplex DNA B-form cyclobutane T<>T photodimers are the major photoproducts. Their accumulation is several times greater than T<>C,C<>T and CoC cyclobutane photodimers (9, 25) . Second, the yield of corresponding photodimers in B'-form duplex [d(GGAAATTT-CQ] 2 at low temperature may be low because of a decreased mobilities of central AT base pairs (according to NMR data of Gueron et al. (24) ). The probability of adjacent thymines to adopting a configuration suitable for photodimerization and hence the yield of corresponding photodimers, should be low. Moreover, the wavelength of UV-irradiation used (302 nm) excludes photoreversal of cyclobutadipyrimidines. Hence, we expected to obtain largely cyclobutane photodimers, because the quantum yield of noncyclobutane dimers is several fold lower than cyclobutane dimers (25) . demonstrates some kind of premelting event with the midpoint about 15°C. We chose to irradiate oligonucleotides at 7°C to be sure that they are in duplex forms.
Chromatograms (Fig. 3a,b) show that UV-irradiation of oligonucleotide duplexes at low temperature resulted in appearance of several photoproducts. Absorbed doses of UVirradiation produced no more than one photodimer per duplex (10-20% diminution of the intact oligonucleotide amount). Therefore, the duplex-destabilizing effect caused by photodimer formation and the resultant change in oligomer photoreactivity is negligible. In order to avoid artifacts in analysis of the photoproducts due to probable elution off the column of doubleand single-stranded oligonucleotides, chromatographic separations at temperatures above the melting point were performed. Elevated temperature also dehydrated the cytosine photohydrates reducing the number of photoproduct peaks and simplifying analysis of reaction mixtures. In case me level of photohydrates is sought they can be separated at low temperature using denaturing agents. Elevated temperature was also used because using the same eluents and gradients it was possible to better resolve some peaks of photoproduct-containing oligonucleotides. To follow photoreactivity of individual base pairs, the major peaks in both chromatograms were identified. For this purpose we used acetophenone sensitized photomodification which promotes formation of cyclobutane T < > T photodimers almost exclusively (22, 23) . A comparison of photoproducts obtained during sensitized photomodification (data not shown), with those obtained during direct photomodification (Fig. 3a,b ) allowed us to conclude that in both chromatograms peaks 1 and 2 corresponded to oligonucleotides containing cyclobutane T < > T photodimers. Sequence positions of pyrimidine photodimers in oligomers were identified using exhaustive snake venom phosphodiesterase digestion of oligonucleotides from the 3'-end, that stopped at photodimer position (16, 22) . Apart from thymine dimers, we were able to identify the mixed thymine-cytosine of temperature well below the overall duplex melting noticeably increased the yield of T 6 < > T 7 thymine dimer in the inner part of duplex, that is in B'-conformation, probably as a consequence of the B'-B transition. Meanwhile, yields of T 7 <>T 8 and TjOQ dimers had less temperature dependencies. The yield of T 6 < > T 7 dimer can serve as a principal indicator of the B'-form existence in [d(GGAAATTTCC)] 2 and can be used to study the possible influence of environmental conditions on the stability of this conformation. Fig. 7 shows the data on photoprobing the B'-form in [d(GGAAATTTCQk in the presence of some cations (alkali, earth alkali and transition metals) and the dehydrating agent dimethyl sulfoxide (DMSO). Cations in 10 mM concentrations merely influenced the overall yield of photodimers and their effect on the B'-form stability is not evident. In all cases similar ratios of T 6 OT 7 to T 7 OT 8 were obtained, but divalent cations reduced the amounts of both thymine dimer-containing photoproducts. In contrast, when 30% DMSO was added, yields of both T< > T dimers became almost equal probably as a result of the B'-B transition (11) . The increase in DMSO concentration decreased yields presumably due to duplex denaturation (data not shown).
heterodimer (peak 3 in Fig. 3b ) which was formed as a major photoproduct in [cKGGAAATTTCQk. Note, that the closer the photodimer is to the 5'-end of the oligonucleotide the greater is the change in its retention in chromatography. Similar properties of photodimer-containing oligonucleotides were previously reported (16, 18) .
Figs. 5, 6 depict temperature dependencies for yields of the photoproduct-containing oligonucleotides. All photoproducts in the B-form [d(CCTTTAAAGG)] 2 had invariable yields when irradiated at temperatures below their melting points. The photochemical yields were reduced when irradiation was carried out during denaturation. At the same time photoproducts in the B'-form [d(GGAAATTTCO] 2 had distinctive properties. A rise
DISCUSSION
We were interested in determining if chromatography can be used to probe the secondary structure of nucleic acids. To make this assessment we combined the resolving power of HPLC with the high sensitivity of photoprobing methods. Inspection of Fig. 4 shows that the difference in overall photoreactivity of oligonucleotide duplexes with an equal number of sites susceptible to photomodification is easily quantitated chromatographically. This distinguishes the effect of conformation on sensitivity of pyrimidines to photomodification.
To demonstrate in more detail the potential of this combined approach for structural studies of nucleic acids we have compared chromatograms of two sequence isomeric self-complementary decanucleotides with different conformations. Structural However, mixed thymine-cytosine heterodimers of the latter decanucleotide show increased photoreactivity, because its yield not only exceeds that of thymine dimers in this oligonucleotide duplex, but also becomes comparable with the yield of thymine dimers in the B-form duplex. It is also clear that photoreactivity of TC in [d(GGAAATTTCC)] 2 , exceeds that for the sequence isomeric dinucleotide in [d(CCTTTAAA-GG)] 2 . As can be seen in Fig. 3a , all minor peaks, one of which should correspond to C 2 < > T 3 heterodimer, are much smaller than the T g < >Q> heterodimer peak in Fig. 3b . It is wellknown that the yields for cyclobutane both homo-and mixed heterodimers in sequence isomeric sites are similar (8, 9) . Therefore, hyporeactivity of T 6 T 7 and T 7 T 8 as well as hyperreactivity of TgG, can be mainly explained by structural features of [d(GGAAATTTCC)] 2 . Hyporeactivity of T 6 T 7 and T 7 T 8 may be due to lower mobilities of the corresponding bases in the rigid B'-form (24) . To explain hyperreactivity of TgQ) we have to suggest the presence of conformational peculiarity at the B'-B form junction favourable for adjacent pyrimidine residues to photodimerize. Duplex bending, the existence of which at the junction of A,,T n and other sequences is supported by crystal data (26) , may be such a peculiarity. Hyperreactivity of TC dinucleotide at B'-B junction is worth mentioning because thymine-cytosine dimer is a mutagenic one (27, 28) , so such site may be considered as a potential 'hot spot' for UV-mutagenesis.
During the study of temperature dependencies of photoproduct yields in oligonucleotides we were able not only to confirm their structural differences but also to follow their thermal conformational transitions. As can be seen in Fig. 6 , in contrast to other photoproducts, the amount of inner T 6 T 7 photodimer in [d(GGAAATTTCC)] 2 rises more than three-fold with temperature up to 35 °C. There is a conformity between this rise in photoproduct yield and the premelting shoulder clearly seen in spectrophotometric melting curve (Fig. 2b) . Reduction of inhibition of thymine photodimer formation during premelting event was described previously for other (dA) n -(dT) n tracts (7, 11) in accordance such DNA tracts undergoing a temperature dependent B' -B conformational transition. Such transition should result in the disappearance of B'-B junctions and manifest itself in the reduction of TC dinucleotide photoreactivity. In normal B-form oligonucleotide [d(CCTTTAAAGG)] 2 photoproduct yields do not change up to melting temperatures.
Melting of both B and B'-form oligonucleotides result in reduced yield for all photodimers. Hence, in spite of the increase in DNA photoreactivity during its melting, detected by borohydride photofootprinting (7), we can state that the formation of major photoproducts, cyclobutane pyrimidine dimers, during thermal denaturation is reduced. This discrepancy could probably be explained by the enhanced sensitivity of borohydride photofootprinting to some minor photoproducts, which have higher yields in the denatured state. Furthermore, we have recently observed the tendency of cyclobutadithymine yield to decrease during denaturation when UV-irradiation is carried out at constant temperature in the presence of denaturing agents (manuscript in preparation). Cyclobutadipyrimidine-specific enzyme photofootprinting is unsuitable for photoprobing helixcoil transition, because the UV-endonuclease exhibits a greater preference for UV-irradiated double-stranded than for singlestranded DNA. Hence, denaturation itself should result in poorer substrate for the enzyme (11) .
As for the influence of metal cations on B'-form stability, it should be mentioned that all metals studied, except lithium, stabilized this conformation to some extent. If the reduction of cyclobutane thymine dimer yield can be used as a measure of B'-form rigidity, then an enhancement of the latter under the influence of all divalent cations can be suggested (Fig. 7) .
AT-rich stretches in DNA have been the subject of numerous studies for many years (see Refs. 11, 29 for a recent list of literature). They are known to assume B'-form structure distinct from that of a standard B-form. The above-mentioned unusual structure has been observed not only in relatively simple (dA) n -(dT) n sequences, where progressive narrowing of the minor groove from 3'-end thymine to 5'-end thymine was suggested, but also in self-complementary d(A n T n ) sequences. The results obtained by new HPLC photofingerprinting technique, reported here, are in agreement with the existence of unusual B'-forms in short duplex d(A 3 T 3 ) sequences described for some oligonucleotides in crystals and in solution. The anomalously reduced mobility of central base pairs of this sequence motif detected by NMR (24) is reflected in a sharp decrease in the yield of corresponding thymine photodimers. Enhanced photoreactivity of the TC dinucleotide in [d(GGAAATTTCQ] 2 is probably due to the presence of a B'-B junction that causes duplex bending as suggested for crystal structure (26) .
In conclusion, the results presented here show that the resolving power of reversed phase HPLC allows for chromatography of photomodified oligonucleotides with well resolved photoproducts peaks (Fig. 3a,b) . Thus, oligonucleotides with a definite structure acquire their own unique HPLC pattern (photofingerprint) which reflects structural details at base pair level. Short time of analyses may provide detection of not only stable photoproducts (photodimers, etc.) but also labile ones (photohydrates, etc.). In principle, it is possible to obtain a sequence-specific distribution of all conceivable photoproducts and their intensities because separation of all photoproducts in a single chromatogram is only determined by the chromatographic conditions (column, eluent, gradient, etc.). It is also possible to assign these peaks to particular photoproducts according to their types and sequence position. For the assignment of photoproduct type a number of simple properties can be assessed (16, 17) : formation of largely cyclobutane thymine (pyrimidine) dimers in sensitized longwavelength photoreaction and their photoreversion during shortwavelength irradiation, the thermal reversion of pyrimidine photohydrates, the appearance of long-wavelength absorption band for pyrimidine pyrimidone adducts, the fluorescence features of some purine arid purine-pyrimidine photoadducts, etc. Sequence position can be determined using proper nuclease digestion. Hence, detailed HPLC photofingerprinting allows analysis of local conformational peculiarities and transitions in oligonucleotide duplexes and other more complicated structures.
